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Graphical abstract 
 
 
Highlights 
 A novel kinetic model describing acetone-butanol-ethanol production is developed 
 The model accounts for carbon catabolite repression  
 The model is validated using both batch and continuous fermentation data  
 Butanol inhibited the production of ACoA, acetone, AACoA, pyruvate and biomass 
 A productivity up to 16 g l-1 h-1 can be achieved by cell-recycling 
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Abstract 
A kinetic model describing acetone-butanol-ethanol (ABE) production applicable to both 
single substrate fermentations of glucose and xylose as well as co-fermentation of the 
substrates has been developed. The model accounts for carbon catabolite repression as well 
as the inhibition of kinetic rates at high substrate concentrations (~90 g l-1). Model 
parameters were obtained through kinetic fitting to previously report experimental data. 
The model was used to study the design and operation of a continuous ABE fermentation 
process (with and without recycle of biomass). For continuous operation, it was shown that 
multiple steady-states exist at low dilution rates. For operation with recycle of biomass, the 
influence of recycle rate on both biomass concentration and ABE productivity were studied. 
The results indicate that for a range of recycle and dilution rates, ABE productivity can 
increase to 16 g l-1 h-1 (10 times higher than that without biomass recycling), consistent with 
experimental results. 
Keywords: kinetic fitting; co-fermentation of glucose and xylose; carbon catabolite 
repression; Monte Carlo simulations; model reduction and validation 
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Nomenclature 
CCR, carbon catabolite repression (-) 
D, dilution rate (h-1) 
Kmj, kinetic model constant for reaction ‘j’ (mmol l-1) 
Kmaj, kinetic model constant for reaction ‘j’ (mmol l-1) 
Kmbj, kinetic model constant for reaction ‘j’ (mmol l-1) 
IB, inhibition concentration of butanol (mmol l-1) 
INH, inhibition concentration of biomass (mmol l-1) 
MWi, molecular weight of species ‘i’ (g mol-1) 
nj, butanol inhibition power term for reaction ‘j’ 
nG/X, parameter for carbon catabolite repression 
rj, reaction rate ‘j’ (mmol l-1 h-1) 
Ri, net rate of production / consumption of species ‘i’ (mmol l-1 h-1) 
V, volume of the reactor (l) 
Vmaxi, maximum rate for reaction ‘j’ (h-1) 
t, time (h) 
[AACoA], concentration of acetoacetyl CoA (mmol l-1) 
[Acemax], maximum inhibitory concentration of acetone (mmol l-1) 
[Acetate], concentration of acetate (mmol l-1) 
[Acetone], concentration of acetone (mmol l-1) 
[Acmax], maximum inhibitory concentration of acetate (mmol l-1) 
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[ACoA], concentration of acetyl CoA (mmol l-1) 
[BCoA], concentration of butyryl CoA (mmol l-1) 
[Bimax], maximum inhibitory concentration of biomass (mmol l-1) 
[Biomass], concentration of biomass (mmol l-1) 
[Bmax], maximum inhibitory concentration of butanol (mmol l-1) 
[Bumax], maximum inhibitory concentration of butyrate (mmol l-1) 
[Butanol], butanol concentration (mmol l-1) 
[Butyrate], butyrate concentration (mmol l-1) 
[Ci], concentration of species ‘i’ (g l-) 
[𝑐𝑖𝑘], concentration of the species ‘i’ in data set ‘k’ (mmol l
-1) 
[Coi], inlet concentration of species ‘i’ (g l-) 
[Glucose], glucose concentration (mmol l-1) 
[Pyruvate], pyruvate concentration (mmol l-1) 
[Xylose], xylose concentration (mmol l-1) 
ω, parameter describing the preference of glucose over xylose 
𝜎𝑖, weighting parameters used in kinetic fitting for species ‘i’ 
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1.0 Introduction 
Butanol is the primary product of interest in bacterial acetone-butanol-ethanol (ABE) 
fermentation. It is used in the plastics industry, as a solvent for the manufacture of 
pharmaceuticals and oils and is considered as a promising biofuel as its energy content and 
physical properties are closer to gasoline when compared to conventional biofuels (ethanol 
and biodiesel) allowing use in compression ignition engines [1]. However, biological 
production of butanol by ABE fermentation is limited by low ABE yield (the theoretical yield 
of butanol is 41%, 1.25 times lower than that of ethanol) and butanol inhibition at very low 
concentrations (<20 g l-1), [2].  
Butanol inhibition may be reduced using in situ recovery techniques such as e.g.  gas 
stripping, pervaporation, membrane extraction etc. [3–5]. Whilst it is known that these in 
situ recovery techniques increase butanol productivity their design must be performed 
carefully because of the high cost of the recovery units, i.e. the total cost of the process with 
in situ recovery may not be lower [6]. In order to determine whether in situ recovery 
processes are more economical than conventional reactors and to optimise overall process 
operation, a reliable kinetic model is required.  
One of the main advantages of the microorganisms used to produce butanol (e.g., 
Clostridium acetobutylicum) are their ability to consume several substrates, e.g., hexoses 
and pentoses [7]. Hence, lignocellulose materials and other residual substrates of low cost 
can be used in ABE fermentation. Of the alternative microorganisms used to produce 
butanol, Clostridium saccharoperbutylacetonicum N1-4 offers a promising option as it can 
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consume several sugars with an ABE productivity of up to 0.5 g-1 l-1 h-1 [7]. However, given a 
mixture of substrates this microorganism prefers glucose over other fermentable sugars 
which inhibits their consumption. This phenomenon is known as catabolite carbon 
repression (CCR) [8]. 
Several kinetic models have been proposed in the literature for fermentations [9–11] some 
of which have considered a mixture of substrates [12,13]. However, to the best of our 
knowledge, a kinetic model describing ABE fermentation that accounts for CCR has not been 
proposed. The primary aim of this work is to develop a kinetic model applicable to both 
single substrate fermentations of glucose and xylose as well as co-fermentation of the 
substrates.  
As a basis for the work, we use the kinetic model for bacterial ABE production using 
Clostridium saccharoperbutylacetonicum N1-4 proposed by Grisales and Tost [6]. This model 
was shown to predict overall butanol yield with high accuracy (errors lower than 5%), 
however, it assumed the use of one substrate (glucose or xylose) and the predictive 
capability of the model given a mixture of substrates was not evaluated. In this paper, the 
kinetic model is modified to account for CCR. The model is validated using previously 
reported experimental data of batch and continuous fermentations (with and without 
biomass recycle), including fermentations with co-substrate and high substrate 
concentrations (89 g l-1) [8,14–16]. In total ten batch fermentations are used to find the 
parameters of the model and thirteen continuous fermentations (with and without biomass 
recycling) are used to validate the model. The kinetic model is then used to study the design 
and operation of a continuous ABE fermentation process (with and without recycle of 
biomass). 
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2.0 Materials and methods 
As the experimental data available within the literature has been obtained from both batch, 
as well as continuous fermentations with and without recycle, the species balance 
expression (Eq. (1)) is used as the basis for kinetic model development. This equation 
represents the rate of change of concentration of each one of the biochemical species, 
shown in Fig. 1 (b), where the metabolic route is that which was proposed in our previous 
work [6]. Fig. 1 (a) depicts a general representation of the reactor encompassing batch and 
continuous operation with and without biomass recycle and bleeding. It is assumed that a 
membrane is used to recycle the biomass, i.e. biomass does not pass through the 
membrane and is therefore recycled. If the operating mode of the reactor is batch, then the 
dilution rate (D) in Eq. (1) is zero. In addition, biomass recycle is zero when the dilution rate 
of permeate (Dp) or the ratio of biomass recirculation (br) is zero. The parameter (ai) is zero 
if the species does not pass through the membrane (i.e. biomass) and equal to 1 if it does. 
Finally, the dilution rate of bleeding (Db) plus dilution rate of permeate is assumed to be 
equal to the total dilution rate (D), Eq. (3). 
 
𝑑[𝐶𝑖]
𝑑𝑡
= 𝑅𝑖 ∙ 𝑀𝑊𝑖 + 𝐷 ∙ [𝐶𝑜𝑖] − (𝐷𝑝 ∙ 𝑎𝑖 + 𝐷𝑏) ∙ [𝐶𝑖] (1) 
𝑏𝑟 =
𝐷𝑝
𝐷
 (2) 
𝐷 = 𝐷𝑝 + 𝐷𝑏 (3) 
The molecular weight (MW) of biomass was taken to be 172 g mol-1 and assumed to be 
constant [14]. Using Fig. 1 (b), the net rate of production / consumption of each of the 
species (Ri) are given by, 
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𝑅𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 = −𝑟2 + 𝑟1 ∙ 𝜔 + 𝑟15 ∙ (1 − 𝜔) (4) 
𝑅𝐴𝑐𝑜𝐴 = 𝑟2 + 𝑟3 + 𝑟4 − 𝑟5 − 𝑟6 − 𝑟7 (5) 
𝑅𝐴𝐴𝐶𝑜𝐴 = 𝑟6 − 𝑟10 − 𝑟4 − 𝑟11 (6) 
𝑅𝐴𝑐𝑒𝑡𝑎𝑡𝑒 = 𝑟5 − 𝑟4 − 𝑟3 (7) 
𝑅𝐸𝑡ℎ𝑎𝑛𝑜𝑙 = 𝑟7 (8) 
𝑅𝐴𝑐𝑒𝑡𝑜𝑛𝑒 = 𝑟4 + 𝑟11 (9) 
𝑅𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒 = 𝑟13 − 𝑟12 − 𝑟11 (10) 
𝑅𝐵𝐶𝑜𝐴 = 𝑟10 + 𝑟11 + 𝑟12 − 𝑟13 − 𝑟14 − 𝑟16 ∙ (1 − 𝜔) − 𝑟8 ∙ 𝜔 (11) 
𝑅𝐵𝑢𝑡𝑎𝑛𝑜𝑙 = 𝑟14 (12) 
The death rate of biomass is considered to be zero for continuous operation. However, for 
the alternative modes of operation, the death rate of biomass and the net rate of 
production of biomass, xylose and glucose are given by Grisales and Tost [6], 
𝑅𝐵𝑖𝑜𝑚𝑎𝑠𝑠 = 𝑟16 ∙ (1 − 𝜔) + 𝑟8 ∙ 𝜔 − 𝑟17 ∙ (1 − 𝜔) − 𝑟9 ∙ 𝜔 (13) 
𝑅𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑑𝑒𝑎𝑡ℎ = 𝑟17 ∙ (1 − 𝜔) + 𝑟9 ∙ 𝜔 (14) 
𝑅𝐺𝑙𝑢𝑐𝑜𝑠𝑒 = 𝑟1 ∙ 𝜔 (15) 
𝑅𝑋𝑦𝑙𝑜𝑠𝑒 = 𝑟15 ∙ (1 − 𝜔) (16) 
In these equations the parameter, ω, is used to model the microorganism’s preference for 
glucose over xylose (which is defined in the next section of the paper). 
2.1 Reaction rate expressions 
The rate expressions provided in Table 1 are the structural form of those developed in 
Grisales and Tost [6] using experimental data reported by Shinto et al. [14,15]. In this model 
the structure of the reaction rate terms for the consumption of butyrate (r2), acetate (r3), 
ACoA (r6, r7, r5), AACoA (r10) and BCoA (r13) are based on Michaelis-Menten kinetics. The 
AC
CE
PT
ED
 M
AN
US
CR
IPT
9 
 
reaction rate terms used to describe glucose and xylose consumption (r1 and r15) include 
substrate inhibition terms [14,15], while, the butanol inhibition term (IB) is of a standard 
structure. Although, some biochemical reaction network models only relate biomass growth 
to substrate concentration [17] or acetyl CoA concentration [14], the biomass growth model 
(reactions r8 and r16 (Table 1)) is assumed to depend on consumed substrate which is 
activated by the concentration of butyryl-CoA as proposed by Grisales and Tost [6]. The rate 
of death of biomass (r9 and r17) in a batch fermentation was assumed proportional to the 
biomass concentration [14] while the consumption of butyrate was activated by butyrate 
and butanol [6]. The rate of death of biomass was assumed constant with respect to time. 
However, it was assumed to depend on type of substrate in the fermentation (similar to 
growth rate as the growth rate depends on the type of substrate). The reaction rate terms 
used for acetone production (r4 and r11) are those proposed by Shinto et al. [14] and the rate 
term for butanol production (r14) includes activation by butyrate and inhibition by butanol, 
as was proposed by Shinto et al. [14]. The inhibition of biomass growth (INH) is modelled 
using standard inhibition terms which includes inhibition by butanol, acetate, acetone, total 
biomass, butyrate, glucose and xylose. Note also, that a number of terms are a function of 
the parameter, F. As described by Shinto et al. [14,15] when the concentration of 
fermentable sugars is lower than 1 mmol l-1 F is zero, otherwise it is one. 
In this paper, three modifications to this previous kinetic model are proposed a) the 
inclusion of a mathematical term to describe CCR, b) a description of butanol inhibition 
through a modification of the reaction rate terms for acetate, butyrate, ACoA, xylose, 
glucose and biomass production and c) a reduction in the number of model parameters (and 
terms) through the use of a model parameter confidence interval analysis.  
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The first modification is made in order to improve the prediction of the species 
concentrations given CCR. In our previous work, whilst a weighting factor, ω, was used to 
represent substrate competition, as proposed by Krishnan et al. 1999 [18] this was 
calculated as the fraction of glucose in relation to the total concentration of substrate. 
Given that CCR implies a reduction of the rate of xylose consumption, in this work, it is 
assumed that the weighting parameter, ω, depends on glucose and xylose concentration as 
follows, 
𝜔 = (
[𝐺𝑙𝑢𝑐𝑜𝑠𝑒]
[𝐺𝑙𝑢𝑐𝑜𝑠𝑒] + [𝑋𝑦𝑙𝑜𝑠𝑒]
)
𝑛𝑔/𝑥
 
(17) 
In Eq. (17) the power term, (𝑛𝑔/𝑥), is used to model (and predict) CCR. The value of 𝑛𝑔/𝑥 may 
be estimated along with the other unknown model parameters via kinetic fitting using 
several ratios of the substrates as well as a number of individual fermentations. If CCR is not 
observed, 𝑛𝑔/𝑥 will tend to 1, while, if a strong CCR is observed, 𝑛𝑔/𝑥 must tend to 0 indicating 
the preference of glucose over other fermentable sugars.  
The butanol inhibition term (IB) used is of a standard structure (see table 1, Eq. (18-K)). 
However, in a second modification, power terms are included as adjustable kinetic 
parameters, i.e. in the reaction rates terms for production of ACoA (n3, n4), acetone (n11), 
AACoA (n6), pyruvate (n15, n1) and biomass (n19) are included. The terms n1, n6 and n15 are 
equal to 1 as lineal inhibition was assumed. This is proposed in order to model the strong 
butanol inhibition at high substrate concentrations (around 90 g l-1). To justify the inclusion 
of these inhibition terms, two variants of the kinetic model are considered in the results 
section of the paper. Kinetic model ‘B’ which includes these terms as kinetic model 
parameters and kinetic model ‘A’ which does not.  
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Given that the proposed kinetic model contains a large number of parameters that have to 
be estimated (~60 in total) parameter confidence intervals are determined as part of the 
kinetic fitting procedure. As described in section 3.2 of this paper, this allows a reduction of 
the number of model parameters through analysis of the calculated confidence bounds.  
2.2 Kinetic fitting 
For kinetic model A, the model parameters reported by Grisales and Tost [6] were used. 
However, the additional parameter ng/x was estimated in order to improve model prediction 
accuracy using the experimental data reported by Noguchi et al. [8]. For kinetic model B, 
fermentation data provided by Shinto et al. [14,15] and additional laboratory data available 
in the literature [8,16] for co-substrate fermentation and high substrate concentrations (89 
g l-1) were used to determine all the model parameters (apart from the maximum inhibitory 
concentration of biomass [Bimax] which was fixed at 100 g l-1 as this has been found to be 
the experimental limit [19]). 
In order to perform kinetic fitting and validate the model, the ordinary differential equations 
(ODEs) (representing the reactor dynamics) are numerically integrated using the initial 
conditions provided in the original experiments and a given set of estimated model 
parameters, using the function ode15s in MATLAB 2016a®.  
There are two categories of optimisation algorithms that may be used for kinetic fitting, so-
called global and local optimisation techniques [20]. Local methods require initial estimates 
of model parameters, while global methods do not. The use of a combination of both 
techniques has been suggested as a method to find the global optimum solution [20]. 
Therefore, a hybrid kinetic fitting method is used in this work which uses several built in 
MATLAB® functions within the optimisation toolbox (see Fig. 2). In steps 1 to 3 of the 
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algorithm, model parameters that minimise the cost function (J) are determined using the 
functions ‘ga’ (global) and ‘fminsearch’ (local); where the method that gives the minimum 
value of J (in steps 1 to 4) will depend on the initial parameter values used by the function 
‘fminsearch’. The best set of parameters (obtained in step 4) are then used in steps 5 to 8, in 
an attempt to ensure that a global optimal solution is obtained. In step 5, the parameters 
obtained using ‘nlinfint’ (based on Levenberg-Marquardt algorithm) are used as initial 
parameter estimates in ‘fminsearch’ (derivative-free method) and if the difference in the 
minimum value of the objective functions achieved by the two methods is below a threshold 
(< 0.1 was used in this work), the resulting parameters are assumed to be the global 
optimum. If the difference is not below the threshold then step 5 is repeated using the 
previously found best set of parameter values.  
The objective function that was minimised was, 
𝐽 = ∑∑𝜎𝑖 ∙ ([𝑐𝑖𝑘] − [?̂?𝑖𝑘])
2
𝑖=1𝑘=1
 (18) 
where [𝑐𝑖𝑘] (mmol l
-1) is the measured experimental data and [?̂?𝑖𝑘] the model estimate (the 
subscript denotes the concentration of the ith species given the kth set of experimental data). 
The weighting parameters (𝜎𝑖) were fixed to one for all species, except for acetone and 
acetate which were set as three and two, respectively. The weightings were used in order to 
reduce the prediction error for these species.  
To obtain model parameter confidence bounds the kinetic fitting procedure (Fig. 2) was 
repeated one hundred times using randomly generated initial estimates of the model 
parameters (varied by +/- 30% from the best parameter values initially obtained). In 
addition, to account for experimental errors in the data sets the experimental data was also 
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varied by the addition of random perturbations of +/- 10%). This allows an upper and lower 
bound on the parameter estimates to be obtained as well as the mean (taken to be the 
nominal model parameter values) and the standard deviation of their variation (estimated 
using the function ‘normfit’ in MATLAB).  
2.3 Model simulation studies 
The model simulation studies reported in this section are performed for two purposes. First, 
given that the continuous fermentation experiments reported by Tashiro et al. [19] were at 
the same pH, temperature and media as the experimental batch fermentation data, the 
data allows the kinetic models to be further validated. Therefore, simulations of the steady-
state conditions of the continuous fermentation model (with and without recycling) were 
made (using the reported [18] inlet concentrations of glucose and acetate of 50 gl-1 and 3 gl-
1, respectively). The stable steady-state concentrations, i.e., when all the eigenvalues of the 
Jacobian of the solutions of the steady-state model of Eq. (1) are negative, were found using 
the function ‘fsolve’ in MATLAB 2016a® by setting the derivatives of the concentrations of 
the chemical species in Eq. (1) equal to zero. Using the standard deviation of each model 
parameter, one hundred Monte Carlo simulations are performed (one hundred randomly 
generated sets of parameter values within the upper and lower bounds of each model 
parameter) in order to determine the effect of these model parameter variations on the 
calculated steady-state of the continuous fermentation. The expectation being that the 
model will display the same qualitative behaviour as that observed experimentally. 
The second purpose of the simulation studies is to study the design characteristics with 
biomass recycling. The effects of bleeding in the reactor with biomass recirculation was 
studied because a high value of biomass recirculation can be used to give high productivity. 
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3.0 Results and discussion  
3.1 kinetic fitting to the batch fermentation data 
The estimated parameters of the two kinetic models are presented in Table 2. For kinetic 
model A, the optimal value of ng/x was found to be 0.17, confirming the strong CCR in the 
ABE fermentation by Clostridium saccharoperbutylacetonicum N1-4. When compared to the 
assumption that ng/x  is equal to one [6],  the coefficients of determination (R-squared 
values) between the estimated and measured glucose, xylose and butanol concentrations in 
a fermentation of mixed sugars was improved from 0.938, 0.78, and 0.95 to 0.997, 0.973 
and 0.986, respectively. Although strong CCR was predicted using only one additional 
parameter (Fig. 3 (a)), it may be observed that kinetic model A still had a low prediction 
accuracy for glucose consumption and acetone production at high concentrations of 
substrate (89 g l-1, Fig. 3 (b)). This indicates that butanol production and glucose 
consumption had a stronger inhibition than that reported previously.  
When compared to kinetic model A, the optimised values of the parameters of kinetic 
model B provided improved coefficients of determination between measured and estimated 
butanol and acetone concentrations (initial glucose 89 g l-1), with values increasing from 
0.967 and 0.934 to 0.991 and 0.997, respectively. Fig. 3 (d, e, f) show the measured species 
profiles and model estimates using kinetic model B for a fermentation using a mixture of 
glucose and xylose and high concentrations of glucose, respectively. 
In comparison to kinetic model A, the parameter determining the maximum inhibition of 
glucose growth ([Gmax]) was ~2-fold lower than that of kinetic model B. This reduction was 
caused by the use of the high substrate concentration data (89 g l-1) and indicates that the 
adverse effects of substrate concentration on growth will be underestimated if glucose 
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concentrations of less than 60 g l-1 are used for the kinetic fitting. Furthermore, higher 
butanol inhibition was observed in the acetate consumption for acetone production (n4=2.8) 
and in the biomass growth (n19=1.7). A similar effect was also observed for acetone 
production via butyrate consumption, however, only when the butanol concentration was 
greater than 11.6 g l-1. Interestingly, the power term associated with the expression for 
butanol inhibition on xylose consumption was found to be lower than 1 (0.55). Hence, this 
and the strong CCR would appear to indicate that the lower ABE productivity of xylose in 
relation to glucose was mainly caused by the fact that xylose is a poor substrate for biomass 
growth. A summary of all the calculated R-squared values (using kinetic model B) is provided 
in Table 3. The concentration profiles of butanol, glucose, xylose and acetone at 
concentrations of substrate lower than 60 g l-1 are shown in Fig. 4. Whilst, the 
concentrations profile of acetate, biomass and butyrate are shown in Fig. 5. It may be noted 
that biomass, acetate, and butyrate were the species with the lowest average R-Squared 
values of 0.867, 0.907 and 0.856, respectively. These results are consistent with the 
performance of previous kinetic models reported in the literature  [6,14,15].  
3.2 Model reduction  
The model parameter confidence intervals obtained for kinetic model B are reported in 
Table 4. Using these bounds allows the modification of the kinetic model. First, observe that 
the upper and lower bounds for the xylose and glucose inhibition terms tend to plus and 
minus infinitity, i.e. these parameters have a high degree of uncertainty. Therefore the 
xylose and glucose inhibition terms (Kma1 and Kma12) obviously do not affect model 
prediction accuracy and may therefore be removed from kinetic model B. Secondly, it may 
be observed that the terms for acetate production (reaction 5) also tend to infinity. In other 
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words, it may be concluded that given the currently available experimental data it is not 
possible to accurately model acetate production and these parameters may also be 
removed from the model.  
In addition, the parameter describing the inhibition of acetone also has high uncertainty 
(the bounds of [Acemax] tend to plus and minus infinity). This is possibly because acetone 
does not inhibit biomass growth given the concentrations of the experimental data used as 
it is known that acetone totally inhibits ABE fermentations a high concentrations (around 60 
g l-1 [23]). Whilst it is not possible to reach these concentrations in a conventional reactor, in 
alternative fermentation configurations, acetone concentration may be high, e.g. in a 
fermentation with in situ recovery by liquid-liquid extraction and high substrate 
concentrations [4]. 
Finally and interestingly, although butanol inhibited the production of ACoA, acetone, 
AACoA, pyruvate and biomass, butanol did not inhibit its own production rate (the bounds 
of [Kmb14] tend to plus and minus infinity). These results are at variance with those reported 
by Shinto et al. [14] (i.e., a term for butanol inhibition is necessary to increase the prediction 
of butanol production). 
3.3 Model simulation studies - continuous fermentation  
The results shown in the Fig. 6 show the steady-state outlet concentration of biomass as 
well as the ABE productivity (calculated as the product of ABE concentration (acetone plus 
butanol and ethanol) in the reactor at the stable steady-state and the total dilution rate) 
and ABE yield (calculated as the ratio of ABE concentration (g l-1) and the substrate feed 
(glucose plus acetate) to the reactor (53 g l-1)) as a result of the Monte-Carlo simulations. 
The blue ‘dots’ are the values of biomass, ABE productivity and yield obtained for a 
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particular dilution rate as a result of model parameter variations and the black ‘dots’ are the 
values obtained using the nominal model, i.e. when there is no variation in the model 
parameters. It may be observed that the majority of experimental data (biomass and ABE 
concentration) is in the range of the simulation results obtained as a result of the model 
parameter perturbations.  
The experimental data shows a maximum biomass concentration at dilution rates of around 
0.1 and 0.15 h-1 and the maximum ABE productivity is achieved at around 0.2 h-1. The 
simulation (using the nominal model) also indicates a maximum biomass concentration at 
similar dilution rates, whereas the prediction of the maximum ABE productivity was 1.4 g-1 l-
1 h-1 at a dilution rate of 0.16 h-1. The variability in the experimental results may be because 
the actual fermentation time used was lower than that required to achieve a stable state-
state condition in the fermenter. Finally, it may also be noted that multiple steady-state 
conditions were found at dilution rates lower than 0.05 h-1 and it is possible that a 
significant number of stable and unstable steady-state conditions may be found using a 
more detailed bifurcation analysis.  
3.3 Model simulation studies - continuous fermentation with biomass recycling  
Continuous production of butanol by fermentation with biomass recycling or biomass 
immobilization is known to achieve the highest productivities [24,25]. In order to investigate 
this, Eq. (1) was simulated using kinetic model B for various values of the biomass 
recirculation parameter (br). The simulation used a fixed dilution rate of 0.85 h-1 which 
corresponds to the experimental data provided by Tashiro et al. [19] who present 
experimentally determined values of biomass concentration and ABE productivity at three 
distinct recirculation rates, br = 0.84, 0.87 and 0.89. It may be observed in Fig. 7 that when 
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biomass recycling was used ABE productivity can increase to 16 g-1 l-1 h-1 which was around 
10 times higher than the maximum productivity achieved without biomass recycling. Given 
the limited amount of experimental data, the simulation results demonstrated a relatively 
good predictive performance (Fig. 7), with the majority of the data (biomass and ABE 
productivity) being in the range of random variations of the model parameters. 
Fig. 8 demonstrates the effects of changing the recycle rate on the biomass concentration 
and ABE productivity for a range of different dilution rates and br (for clarity, only the 
nominal model has been used to generate these results). As may be observed in Fig. 8, the 
simulation predicts that the same productivity can be achieved using biomass recycling at a 
dilution rate of 0.85 h-1 and br of 0.99 (Fig. 7 (b)) or using a dilution rate of 2 h-1 and br of 
0.93 (Fig. 8 (b)). A high br increased the ABE productivity and yield because the biomass 
concentration increased. However, it is known that high biomass concentrations reduces 
the ability to control the volume of the reactor due to the high viscosity and the presence of 
heavy bubbling [19]. The maximum biomass concentration achieved experimentally in a 
continuous fermentation using Clostridium saccharoperbutylacetonicum is ~ 40 g l-1 [26]. 
Hence, the efficiency and the capacity of volume control with biomass concentrations 
higher than 40 g l-1 still requires be demonstrated experimentally. 
Although high productivity is important to reduce the reactor capital costs, the maximum 
productivities with rb lower than 0.93 were achieved with an ABE yield lower than 0.2 g/g 
(Fig. 6 (b)). Given that the ABE yield is the most important factor in an economic evaluation 
of butanol production [6], determining the maximum productivity is not recommended as a 
basis to select the operating conditions of the reactor with biomass recycling and an 
economic optimisation of the reactor is still required.  It may also be noted from Fig. 8, that 
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as with the continuous fermentation without recycle, multiple stable steady-states were 
found at low dilution rates (< 0.5 l-1). 
4.0 Conclusions 
In this paper, the development of a kinetic model describing bacterial ABE production 
applicable to both single substrate fermentations of glucose and xylose as well as co-
fermentation of the substrates has been described. Two variants of the model were 
developed and it was found that a model incorporating terms for CCR as well as the strong 
butanol inhibition at high substrate concentrations (around 90 g l-1) to the rates of acetate 
butyrate, ACoA, xylose and biomass production was the most accurate (kinetic model B). To 
obtain the parameters of the model we used data available in the literature and it was 
observed that data sets with initial concentrations of substrate higher than 60 g l-1 (e.g. 90 g 
l-1) are necessary in order to develop a reliable kinetic model. This is because concentrations 
of substrate lower than 90 g l-1 underestimated the butanol and substrate inhibition in the 
data fitting procedure. As a consequence of the experimental data used, it was found that 
the kinetic model was not able to predict acetate production as well as acetone inhibition. It 
was also found that glucose and xylose did not inhibit their respective consumption rates.  
The developed models were validated and used to consider the design and operation of 
continuous ABE fermentation and a continuous fermentation system with recycle of 
biomass. Monte Carlo simulations based upon model parameter confidence bounds gave 
model predictions that represented the behaviour of the experimental data. The model was 
therefore used to study the design characteristics of continuous operation with biomass 
recycling and bleeding. Using the model it was found that when biomass recycling is used, 
ABE productivity can increase to 16 g-1 l-1 h-1  which is around 10 times higher than the 
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maximum productivity achieved without biomass recycling, however, the ABE yield is low 
<0.2 g ABE g-1 substrate. Hence, future work should consider an economic optimisation to 
select the best operational conditions.  
For the continuous fermentation system it was shown that multiple steady-states exist at 
low dilution rates. A more detailed bifurcation analysis may reveal the existence of 
additional stable and unstable steady state conditions. This is one area we wish to pursue as 
future work. Finally, it should be noted that whilst the results presented in this paper 
demonstrate the accuracy of the developed models, they did not include variables such as 
temperature and pH, hence, their inclusion should also be studied in future work.  
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Tables 
 
Table 1  
Reaction rate terms 
Rate term Eq. Rate term Eq. 
𝑟1 =
𝑉𝑚𝑎𝑥1[𝐺𝑙𝑢𝑐𝑜𝑠𝑒][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚1 + [𝐺𝑙𝑢𝑐𝑜𝑠𝑒] + 𝐾𝑚1 ∙ ([𝐺𝑙𝑢𝑐𝑜𝑠𝑒] 𝐾𝑚𝑎1⁄ )2
∙ 𝐼𝐵
𝑛1 ∙ 𝐹 (1-K) 𝑟10 = 𝑉𝑚𝑎𝑥10
[𝐴𝐴𝐶𝑜𝐴][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚10 + [𝐴𝐴𝐶𝑜𝐴]
∙ 𝐹 (10-K) 
 
𝑟2 =
𝑉𝑚𝑎𝑥2[𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚2 + [𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒]
∙ 𝐹 (2-K) 𝑟11 = 𝑉𝑚𝑎𝑥11
[𝐴𝐴𝐶𝑜𝐴][𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
([𝐴𝐴𝐶𝑜𝐴] + 𝐾𝑚𝑏11)([𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒] + 𝐾𝑚𝑎11)
∙ 𝐼𝐵
𝑛11 (11-K) 
𝑟3 =
𝑉𝑚𝑎𝑥3[𝐴𝑐𝑒𝑡𝑎𝑡𝑒][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚3 + [𝐴𝑐𝑒𝑡𝑎𝑡𝑒]
∙ 𝐹 ∙ 𝐼𝐵
𝑛3 (3-K) 𝑟12 = 𝑉𝑚𝑎𝑥11[𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]𝐾𝑚12(1 + 𝐾𝑚𝑎12 [𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒]⁄ + 𝐾𝑚𝑏12 [𝐵𝑢𝑡𝑎𝑛𝑜𝑙]⁄ ) + [𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒] ∙ 𝐹 (12-K) 
𝑟4 =
𝑉𝑚𝑎𝑥4[𝐴𝑐𝑒𝑡𝑎𝑡𝑒][𝐴𝐴𝐶𝑜𝐴][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
(𝐾𝑚𝑎4 + [𝐴𝑐𝑒𝑡𝑎𝑡𝑒]) ∙ (𝐾𝑚𝑏4 + [𝐴𝐴𝐶𝑜𝐴])
∙ 𝐹 ∙ 𝐼𝐵
𝑛4 (4-K) 𝑟13 = 𝑉𝑚𝑎𝑥13
[𝐵𝐶𝑜𝐴][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚13 + [𝐵𝐶𝑜𝐴]
∙ 𝐹 (13-K) 
𝑟5 =
𝑉𝑚𝑎𝑥5[𝐴𝐶𝑜𝐴][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚5 + [𝐴𝐶𝑜𝐴]
∙ 𝐹 (5-K) 𝑟14 = 𝑉𝑚𝑎𝑥14
[𝐵𝐶𝑜𝐴][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚14(1 + 𝐾𝑚𝑎14 [𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒]⁄ ) + [𝐵𝐶𝑜𝐴](1 + [𝐵𝑢𝑡𝑎𝑛𝑜𝑙] 𝐾𝑚𝑏14⁄ )
∙ 𝐹 (14-K) 
𝑟6 =
𝑉𝑚𝑎𝑥6[𝐴𝐶𝑜𝐴][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚6 + [𝐴𝐶𝑜𝐴]
∙ 𝐹 ∙ 𝐼𝐵
𝑛6 (6-K) 𝑟15 =
𝑉𝑚𝑎𝑥15[𝑋𝑦𝑙𝑜𝑠𝑒][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚15 + [𝑋𝑦𝑙𝑜𝑠𝑒] + 𝐾𝑚15 ∙ ([𝑋𝑦𝑙𝑜𝑠𝑒] 𝐾𝑚𝑎15⁄ )2
𝐹 ∙ 𝐼𝐵
𝑛15 (15-K) 
𝑟7 =
𝑉𝑚𝑎𝑥7[𝐴𝐶𝑜𝐴][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚7 + [𝐴𝐶𝑜𝐴]
∙ 𝐹 (7-K) 𝑟16 = 𝑉𝑚𝑎𝑥16
[𝑋𝑦𝑙𝑜𝑠𝑒]
𝐾𝑚16(1 + 𝐾𝑚𝑎16 [𝐵𝐶𝑜𝐴]⁄ ) + [𝑋𝑦𝑙𝑜𝑠𝑒]
𝐹 ∙ 𝐼𝑁𝐻 (16-K) 
𝑟8 =
𝑉𝑚𝑎𝑥8[𝐺𝑙𝑢𝑐𝑜𝑠𝑒][𝐵𝑖𝑜𝑚𝑎𝑠𝑠]
𝐾𝑚8 (1 + 𝐾𝑚𝑎8 [𝐵𝐶𝑜𝐴])⁄ + [𝐺𝑙𝑢𝑐𝑜𝑠𝑒]
∙ 𝐼𝑁𝐻 (8-K) 𝑟17 = 𝑉𝑚𝑎𝑥17[𝐵𝑖𝑜𝑚𝑎𝑠𝑠] (17-K) 
𝑟9 = 𝑉𝑚𝑎𝑥9[𝐵𝑖𝑜𝑚𝑎𝑠𝑠] (9-K) 𝐼𝐵 = (1 −
[𝐵𝑢𝑡𝑎𝑛𝑜𝑙]
[𝐵𝑢𝑚𝑎𝑥]
) (18-K) 
𝐼𝑁𝐻 = (1 −
[𝐴𝑐𝑒𝑡𝑎𝑡𝑒]
[𝐴𝑐𝑒𝑚𝑎𝑥]
)(1 −
[𝑏𝑢𝑡𝑦𝑟𝑎𝑡𝑒]
[𝐵𝑢𝑡𝑚𝑎𝑥]
)(1 −
[𝐵𝑖𝑜𝑚𝑎𝑠𝑠] + [𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑑𝑒𝑎𝑑]
[𝐵𝑖𝑚𝑎𝑥]
)(1 −
[𝐴𝑐𝑒𝑡𝑜𝑛𝑒]
[𝐴𝑐𝑒𝑚𝑎𝑥]
)(1 −
[𝐺𝑙𝑢𝑐𝑜𝑠𝑒]
[𝐺𝑙𝑢𝑚𝑎𝑥]
)(1 −
[𝑋𝑦𝑙𝑜𝑠𝑒]
[𝑋𝑦𝑚𝑎𝑥]
) ∙ 𝐼𝐵
𝑛19 (19-K) 
*The parameters of the model are defined in the nomenclature 
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Table 2 
Model parameters (kinetic models A and B) 
Parameter Vmax Km Kma Kmb n 
Reaction 
Kinetic Kinetic Kinetic Kinetic Kinetic 
A B A B A B A B A B 
r1 1.2 1.16 0.09 0.050 54.3 4x1012     1 1 
r2 27 33.1 22 17.5             
r3 1.1 0.84 170 113         0 1 
r4 156 34.1     312 198 17 8.40 0 2.75 
r5 2.7 6.2x108 16.1 2x1010             
r6 6.9 2.46 0.004 0.001         0 1 
r7 144 50.4 1 2.24             
r8 0.68 0.92 71.9 83.7 0.0018 0.0013         
r9 0.042 0.034                 
r10 79.1 59.8 8 3.6             
r11 0.19 0.23     0.081 0.062 0.0027 0.002 0 1 
r12 59.3 38.3 1 1.36 290 113 1070 679.3     
r13 12.7 6.18 2.11 2.06             
r14 268 146 2.6 3.65 562 520 5.4 1.6x109     
r15 2.4 1.72 0.14 0.248 175.4 1x1013     1 0.52 
r16 0.13 0.14 0.96 1.47 65.1 14.02         
r17 0.0072 0.0088                 
Additional parameters of kinetic model A and B 
Par. A B Par. A B Par. A B     
[Bumax] 212.0 210.7 [Acmax]  746.0 142.3 [Butmax] 120.50 87.48   
 [Bimax] 581 581  [Glumax]  1829 916 [Acemax] 746.0 1.1x109     
[Xymax] 1940 3367 n19 1.00 1.73 ng/x  0.17 0.096     
a n11 was equal to 0.068 ± 0.006 if [Butanol]<11.6 ± 1.1 g/l 
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Table 3  
Coefficients of determination (R-Squared values) between the predicted species concentrations from kinetic 
model B and the experimental data reported by [7,13–15] 
Initial 
xylose  
Initial 
glucose  Xylose Glucose Butanol Acetone Acetate Biomass Butyrate Average 
 (g l-1) (g l-1) 
- 53   0.964 0.957 0.959 0.917 0.739 0.838 0.896 
- 22   0.995 0.992 0.994 0.957 0.871 0.735 0.924 
- 13   0.968 0.974 0.991 0.975 0.880 0.817 0.934 
- 7   0.998 0.996 0.994 0.985 0.980 0.846 0.966 
- 89   0.995 0.991 0.997 - 0.946 - 0.982 
44 - 0.998 0.984 0.998 0.952 0.841 0.676 0.949 0.900 
17 - 0.978 - 0.987 0.958 0.674 0.808 0.809 0.847 
10 - 0.981 - 0.977 0.956 0.960 0.969 0.953 0.963 
6 - 0.956 - 0.997 0.961 0.950 0.953 0.900 0.952 
32 31 0.978 0.999 0.990 0.957 - 0.851 - 0.933 
Average 0.983 0.984 0.986 0.972 0.907 0.867 0.856 0.930 
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Table 4 
Parameter confidence intervals (kinetic model B) 
Parameters Vmax Km Kma Kmb n 
Reaction LB HB LB HB LB HB LB HB LB HB 
r1 1.15 1.17 0.049 0.051 -4x1011 8.E+12     1a 1a 
r2 32.5 33.6 17.4 17.5             
r3 0.82 0.85 112 115         1a 1a 
r4 33.3 34.9     192 203 8.22 8.57 2.67 2.84 
r5 -6x108 2x109 -2x1010 5x1010             
r6 2.4 2.5 0.0009 0.001         1a 1a 
r7 49.4 51.3 2.20 2.28             
r8 0.91 0.9 82.3 85.1 0.0013 0.0013         
r9 0.033 0.03                 
r10 58.5 61 3.52 3.64             
r11 0.23 0.24     0.06 0.063 0.0019 0.002 1a 1a 
r12 37.6 39.1 1.32 1.40 112 113 669 690    
r13 6.1 6.3 2.03 2.09            
r14 143.7 148.8 3.59 3.70 510 530 -7x108 4x109     
r15 1.70 1.74 0.20 0.30 -5x1012 3x1013     0.51 0.53 
r16 0.14 0.15 1.20 1.74 11 18.4        
r17 0.006 0.0075                 
Additional parameters (Par.) of kinetic model B 
Par. LB HB Par. LB HB Par. LB HB     
[Bumax] 210 212 [Acmax]  141 144 [Butmax] 85.5 89.4   
 [Bimax] 581a 581a  [Glumax]  905 926 [Acemax] -1x109 3x109     
[Xymax] 3087 3647 n19 1.7 1.8 ng/x  0.09 0.10     
a Parameters were fixed in kinetic fitting 
b LB, lower bound; UB upper bound. 
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Fig. 1. The reactor and biochemical network. a) A general representation of the reactor for 
batch and continuous operation with and without biomass recycle and bleeding. b) The 
proposed biochemical reaction network for simultaneous saccharification and ABE 
fermentation. In the network there are thirteen species (Glucose, xylose, acetyl-CoA, butyril-
CoA, Pyruvate, acetoacetyl-CoA, acetate, butyrate, biomass, dead biomass, acetone, butanol 
and ethanol) and seventeen rate expressions, ri. 
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Fig. 2. Algorithm used to try ensuring a minimum global 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3) Minimisation of objective function (J) 
using two derivative-free methods. In this work, we 
used:
   
(𝑃1, 𝐽1) = 𝑔𝑎(𝑐𝑘
𝑖 )
(𝑃 , 𝐽 ) = 𝐹𝑚𝑖𝑛𝑠𝑒𝑎𝑟𝑐 (𝑃, 𝑐𝑘
𝑖 ) 
(4) Selection of P that gives the minimum 
(J) using ‘[J,P]=min([𝐽1
𝑚, 𝐽2
𝑚])’
(5) Minimisation of objective function (J) 
using a derivative method followed by a 
derivative-free method.
(𝑃1, 𝐽1) =  𝑙𝑖𝑛 𝑖𝑡(𝑃, 𝑔𝑜
𝑖 )
(𝑃 , 𝐽 ) = 𝐹𝑚𝑖𝑛𝑠𝑒𝑎𝑟𝑐 (𝑃, 𝑐𝑘
𝑖 , 𝑚𝑎𝑥𝑖)
(6) If (𝐽1
𝑚-𝐽2
𝑚)<H (we used H=0.1)
(7) P=𝑃2
𝑚
No
(8) Save (𝑃2
𝑘 , 𝐽2
𝑘)
Yes
(2) Initial estimates of 
every parameter (P)
(1) Introducing all 
experimental data 
(𝑐𝑘
𝑖 )  
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Fig. 3. Species concentration profiles for fermentations that used mixed substrates and high 
glucose concentration. The continuous lines show the predictions obtained using kinetic 
model A (a, b and c) and kinetic model B (d, e, f). Experimental data [8,16]: Circles (butanol 
(a, b, d and e) and biomass (c, f)), diamond (glucose), triangle (acetone (C and D) and xylose 
(A and B)). Biomass concentration was calculated in relation to the optical density (OD) 
reported by Noguchi et al. [8] and Tanaka et al. [16]. OD of 1.0 was equivalent to 0.301 g 
biomass l-1 [27] 
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Fig. 4. Concentration profiles for glucose (a, b and c) and xylose (d, e and f) fermentations. 
Individual glucose (F1, F2, F3 and F4) and xylose (F5, F6, F7 and F8) fermentations. Initial 
concentrations of substrate F1 (53.1 g l-1), F2 (22 g l-1), F3 (12.7 g l-1), F4 (6.5 g l-1), F5 (43.8 g 
l-1), F6 (17.4 g l-1), F7 (9.9 g l-1) and F8 (6.1 g l-1). Experimental data [14,15]:  diamond (F1 (60) 
and F5), triangle (F2 and F6), open circle (F3 and F7), and closed circle (F4 and F8). 
Continuous and dashed lines are the predictions obtained using kinetic model B 
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Fig. 5. Concentration profiles for acetate, butyrate and biomass. Xylose fermentations (a, b and c) 
and glucose fermentations (d, e and f). Experimental data [14,15]:  diamond (F1 and F5), 
triangle (F2 and F6), open circle (F3 and F7), and closed circle (F4 and F8). Continuous and 
dashed lines are the predictions obtained using kinetic model B 
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Fig. 6. Prediction of biomass concentration and ABE productivity using kinetic model B 
(continuous fermentation) for a range of dilution rates. The substrates were glucose (50 g l-
1) and acetate (3 g l-1). Points are simulations and diamonds are the experimental data 
reported by [19]. Black points are the simulations using the nominal parameter values for 
kinetic model B. The light blue points are calculated by randomly varying the model 
parameters between their respective standard deviations. The dark blue line is the 
prediction interval.  
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Fig. 7. Prediction of biomass concentration and ABE productivity using kinetic model B 
(continuous fermentation with recycle) for a range of biomass recirculation rates. The 
substrates are glucose (50 g l-1) and acetate (3 g l-1).  The dilution rate was 0.85 h-1.  The 
parameters of kinetic model B were varied randomly between their respective standard 
deviations. The dark blue line is the prediction interval. The points are simulations and 
diamonds are the experimental data reported by [19]. 
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Fig. 8. Model predictions of biomass concentration, ABE productivity and yield using kinetic 
model B (continuous fermentation with recycle) for a range of biomass recirculation rates 
and dilution rates. The substrates are glucose (50 g l-1) and acetate (3 g l-1). The nominal 
model is used to generate these results, i.e. the parameters reported in Table 2 for kinetic 
model B. The arrows are used to indicate which br was used in every simulation and 
experiment. 
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